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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial stents for the treatment of aneurysms can be responsible for parent artery straighten-
ing, a phenomenon with potential consequences for aneurysmal occlusion. We aimed to evaluate parent artery straightening fol-
lowing flow-diverter stent placement in patients with intracranial aneurysms and explored the association between parent artery
straightening and subsequent aneurysm occlusion.

MATERIALS AND METHODS: All patients treated with flow-diverter stents for anterior circulation aneurysms located down-
stream from the carotid siphon between January 2009 and January 2018 were screened for inclusion. Parent artery straighten-
ing was defined as the difference (a–b ) in the parent artery angle at the neck level before (a angle) and after flow-diverter
stent deployment (b angle). We analyzed the procedural and imaging factors associated with parent artery straightening and
the associations between parent artery straightening and aneurysmal occlusion.

RESULTS: Ninety-five patients met the inclusion criteria (n¼ 64/95 women, 67.4%; mean age, 54.1 [SD, 11.2] years) with 97 flow-di-
verter stents deployed for 99 aneurysms. Aneurysms were predominantly located at the MCA bifurcation (n¼ 44/95, 44.4%).
Parent artery straightening was found to be more pronounced in patients treated with cobalt chromium stents than with nitinol
stents (P¼ .02). In multivariate analysis, parent artery straightening (P = .04) was independently associated with aneurysm occlusion
after flow-diverter stent deployment.

CONCLUSIONS: The use of flow-diverter stents for distal aneurysms induces a measurable parent artery straightening, which
is associated with higher occlusion rates. Parent artery straightening, in our sample, appeared to be more prominent with
cobalt chromium stents than with nitinol stents. This work highlights the necessary trade-off between navigability and par-
ent artery straightening and may help tailor the selection of flow-diverter stents to aneurysms and parent artery
characteristics.

F low-diverter stents are an interesting treatment option for

selected patients with intracranial aneurysms.1,2 Their efficacy

to obtain aneurysm occlusion depends notably on the incident

angle of blood flow through the flow-diverter stents into the an-

eurysm sac,3 which directly correlates with parent artery anat-

omy. In patients with aneurysms located in the carotid

siphon,4 flow-diverter stents have been shown to straighten

the parent artery after deployment, and the straightening

may independently be associated with higher aneurysm

occlusion rates. Yet, this effect has not, to date, been

explored in patients with more distal aneurysms, their parent

vessels being less subjected to local constraints and, in turn,

a likely more important susceptibility to deformation.

Indeed, vessel anatomy is constrained by the local osseous

environment in the siphon, whereas vessels located in the

Sylvian cisterns or more distally at the surface of the brain

are more prone to anatomic changes under external or inter-

nal constraint.
In a retrospective study, we aimed to measure parent artery

straightening after deployment of flow-diverter stents in patients

with intracranial aneurysms located beyond the carotid siphon

and to assess whether parent artery straightening is associated

with aneurysm occlusion.
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MATERIALS AND METHODS
Ethics
The study protocol was approved by the local ethics committee at
Rothschild Foundation Hospital. In line with regulations in
France where the study was conducted, the institutional review
board waived the need for patients’ signed consent. Patients were
informed that they could refuse the use of their data.

Data Sharing
Data will be made available on reasonable request by a qualified
investigator after institutional review board approval.

Population
All patients treated with flow-diverter stents for intracranial
aneurysms located beyond the carotid siphon between January
2009 and January 2018 were included. At our institution, flow-di-
verter stents are used as an alternative to coiling or an operation
for the treatment of complex aneurysms, including giant, fusi-
form, or wide-neck lesions. Flow-diverter stents are not used in
the context of suspected mycotic lesions. Posterior circulation
aneurysms, fusiform aneurysms, ruptured aneurysms, aneurysms
without available images, and those treated with.1 flow-diverter
stent or previously treated by stent placement were excluded.

Treatment
Endovascular treatment was performed with the patient under gen-
eral anesthesia. All patients received systemic heparinization during
the procedure. Four different flow-diverter stent devices were avail-
able: 2 cobalt chromium stents, the Pipeline Embolization Device
(PED; Medtronic) and the Surpass FD (Stryker Neurovascular) and
2 nitinol stents, the Silk (Balt Extrusion) and the Flow-Redirection
Endoluminal Device (FRED; MicroVention). Concomitant coiling
was sometimes performed during the same procedure at the discre-
tion of the operators.

Antiplatelet Therapy
In the postoperative period, all treated patients received dual-
antiplatelet therapy by aspirin and clopidogrel for 3 months
(except for one who received aspirin combined with ticagrelor)
followed by monotherapy using aspirin alone.

Clinical and Imaging Follow-up
Patients were assessed by a first cerebral angiogram at 6–
12months and a second cerebral angiogram at 36months, then
by brain MR imaging.

Data Collection and Analysis
All clinical and imaging data were retrieved from electronic medi-
cal records. The parent artery angle was measured at the intersec-
tion of the central lines of the proximal and distal portions of the
parent vessel to the center point of the parent artery facing the an-
eurysm neck, before and after stent deployment and at first follow-
up (Fig 1). Parent artery straightening was defined as the difference
between the postdeployment angle (b ) and the initial angle (a).
Two independent physicians blinded to the angiographic outcome
of the aneurysm performed these measurements on DSA working
projections. The postdeployment angle used for analyses was the
mean of both raters’measurements. Discrepancies of.10° of par-
ent artery straightening were resolved by consensus. Aneurysm
occlusion was evaluated using the O’Kelly-Marotta grading scale
based on the DSA images.5

Statistical Analysis
Continuous variables were reported as mean (SD), with extreme
values and categoric variables as number and percentage.
Agreement between readers for angle measurements was deter-
mined using the interclass correlation coefficient and a 95% confi-
dence interval. For complete aneurysm occlusion, univariate,
logistic regression models were used to test the association,
whereas a univariate linear regression model was used for factors
associated with parent artery straightening. Variables with P, .20
in univariable analysis were included in a multiple logistic regres-
sion model for occlusion and a multiple linear regression model
for the parent artery straightening angle. Backward variable selec-
tion was used to select the independent predictors of complete
occlusion and postdeployment angle. P, .05 was considered sig-
nificant. The interaction term “parent artery straightening � stent
type” may allow us to understand whether the effect of parent ar-
tery straightening varies within stent type. All statistical analyses
were performed using JMP Pro 14 (SAS Institute, 1989–2019).

RESULTS
Study Cohort Characteristics
Ninety-five patients were included in the present study (64 women,
67.4%; mean age, 54.1 [SD, 11.2] years) for a total of 99 aneurysms
located downstream from the carotid siphon treated with 97 flow-
diverter stents, including 45 aneurysms (45.5%) previously treated
with coils. All aneurysms were saccular and measured 6.1 (SD,
5.0) mm in maximal diameter and 3.9 (SD, 2.1) mm at the neck.
Fifty-two aneurysms were treated using a cobalt chromium stent
(PED, Surpass) (52.5%) and 47, using a nitinol stent (Silk, FRED)
(47.5%). Detailed cohort characteristics are shown in Table 1.

Parent Artery Straightening
The mean postdeployment angle (b ) was significantly superior to
the initial angle (a) (141.6° [SD, 24.8°] versus 124.1° [SD, 64]°;
P, .001).

FIG 1. Measurement of parent artery straightening. Angles were
measured at the intersection of 2 lines drawn from the neck center
in the axis of the proximal and distal segments of the parent artery.
a is the angle measured before stent placement, and b is the angle
measured after stent deployment. Preoperative (1) and postopera-
tive (2) drawings.
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The mean follow-up angle was further significantly increased
compared with the postdeployment angle b (148.7°[SD, 20.3°];
P, .001), with a mean first DSA follow-up time of 8.5 (SD, 4.3)
months. According to the criteria of Cicchetti et al,6 interobserver
agreement was considered good for all 3 measurements, with
interclass correlation coefficient values of 0.64 (0.40–0.75) for the
initial angle (a), 0.65 (0.46–0.78) for the postdeployment angle
(b ), and 0.70 (0.53–0.83) for the follow-up angle, respectively.

Parent artery straightening was common, with a median par-

ent artery angle reduction of 17° (interquartile range, 8.25°–33°)

(see Fig 2 for a complete distribution).

In univariate analysis, stent type
(P¼ .02) and initial angle (a) (P, .001)
were significantly associated with parent
artery straightening. There was no asso-
ciation with patient sex, age, previous
embolization, aneurysm location, aneu-
rysm size, and associated coiling. The
initial angle (a) (P¼ .01) and stent type
(P, .001) remained associated inde-
pendently with parent artery straighten-
ing (Online Supplemental Data). Figure
3 and the Online Supplemental Data
show illustrations of parent artery
straightening following flow-diverter
stent placement.

Factors Associated with
Aneurysm Occlusion
Fifteen patients with 15 aneurysms

(15.2%) were lost during follow-up, leaving 84 aneurysms for this
analysis. Complete occlusion (O’Kelly-Marotta score D) was
observed in 64 aneurysms (76.2%) at follow-up, with a mean
follow-up duration of 23.9 (SD, 16.3) months. In univariate analysis,
cobalt chromium stents (P¼ .004) and higher parent vessel straight-
ening ðb –aÞ (P , .001) were associated with complete aneurysm
occlusion (Table 1). After adjustment, parent artery straightening
(P¼ .036), stent type (P¼ .02), and aneurysm neck (P, .001) were
independently associated with complete aneurysm occlusion. The
interaction term between stent type and parent artery straightening
was not significant (P¼ .055), meaning that there was no varying

Table 1: Comparison of demographic, angiographic, and treatment characteristics between complete occluded and incomplete
occluded aneurysmsa

All Aneurysms (n= 99) Complete Occlusion (n= 64) Incomplete Occlusion (n= 20) P Value
Age (yr) (mean) 54.1 (SD, 11.2) 53.8 (SD, 10.8) 54.3 (SD, 10.4) .76
Sex, M/F 31 (31.3%)/68 (68.7%) 18 (28.1%)/46 (71.9%) 9 (45%)/11 (55%) .26
Follow-up (mo) (n¼ 84) 23.9 (SD, 16.3) 24.2 (SD, 15.0) 22.9 (SD, 20.2) .27
Previous treatment 45 (45.5%) 28 (43.8%) 13 (65%) .16
Aneurysm location .62
MCA 44 (44.4%) 25 (39.1%) 12 (60%)
AcomA 27 (27.3%) 20 (31.3%) 5 (25%)
A1 2 (2.0%) 2 (3.1%) 0
A2 2 (2.0%) 2 (3.1%) 0
Pericallosal 24 (24.2%) 15 (23.4%) 3 (15%)

Aneurysm size (mm)
Neck 3.9 (SD, 2.1) 3.6 (SD, 2.1) 4.3 (SD, 2.0) .06
Diameter 6.1 (SD, 5.0) 6.1 (SD, 5.7) 6.5 (SD, 3.5) .14

Concomitant coiling 15 (15.2%) 9 (14.1%) 2 (10%) 1
Flow-diverter stent
Length (mm) 16.9 (SD, 3.9) 16.5 (SD, 3.8) 18.2 (SD, 4.3) .42
Type .004
Nitinol 47 (47.5%) 26 (40.6%) 16 (80%)
Cobalt chromium 52 (52.5%) 38 (59.4%) 4 (20%)

Angle of parent artery
Initial angle ðaÞ 124.1° (SD, 64.0°) 118.3° (SD, 29.8°) 122.7° (SD, 28.1°) .58
Postdeployment angle
ðb Þ

141.6° (SD, 24.8°) 146.0° (SD, 21.8°) 135.9° (SD, 24°) .12

Parent artery
straightening ðb –aÞ

3.8° (SD, 21.6°) 27.7 (SD, 22.6) 13.3° (SD, 12.3°) ,.001

Note:—AcomA indicates anterior communicating artery; A1, proximal segment of the anterior cerebral artery; A2, distal segment of the anterior cerebral artery.
aData are presented as mean (standard deviation, SD) for continuous variables and absolute number (percentage of column total) for discrete variables.

FIG 2. Distribution of angles of parent artery straightening and association with aneurysmal
occlusion. A, Shadowgram distribution of parent artery straightening. B, Stacked histograms of
the proportion of patients with complete occlusion in bins of increasing parent artery straighten-
ing (offset¼ 0, width¼ 25°).
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influence of parent artery straightening according to stent type.
Detailed results are shown in Table 2.

DISCUSSION
These results suggest that flow-diverter stents deployed beyond
the carotid siphon modify the anatomy by inducing straightening
of the parent artery, and parent artery straightening, in turn,
favors higher rates of aneurysm occlusion. This result brings
additional insight into the mechanisms at play after flow-diverter
stent placement during aneurysm healing. It also suggests that
while the distal navigability of a flow-diverter stent is highly
desired for procedural success, it may come at the cost of lower
parent artery straightening and lower odds of aneurysmal occlu-
sion in aneurysms located beyond the carotid siphon.

Previous studies have reported failure rates as high as 17% af-
ter flow-diverter treatment in distal aneurysm locations,2 and
mechanisms of occlusion failure still remain poorly understood.

Some animal studies have suggested that flow-diverter stent
treatment was more effective when deployed in a straight artery
than in a curved artery.7-9 Our study also suggests that this
straightening phenomenon goes on after deployment, because
follow-up angles were significantly superior to immediate

postdeployment angles.4 In addition to its effects on the incident
angle of blood flow into the aneurysm sac, this straightening
effect could improve aneurysm occlusion through other mecha-
nisms: It might influence the wall apposition of the flow-diverter
stents,10 and it could also improve the “scaffolding” effect for
reconstruction of the aneurysmal neck11 and promote arterial
remodeling in a more favorable geometric configuration. It is,
nonetheless, hypothesized that despite the flow-diverting effect,
flow-diverter stents inducing important parent artery straighten-
ing may, in part, correct the geometric configuration that was
involved in aneurysm development in the first place.

Hemodynamic factors indeed play an important role in the
pathogenesis of cerebral aneurysms.12 Gao et al13 reported vascular
geometric consequences of single conventional stent placement:
Angular remodeling was more pronounced using the stiffer closed-
cell-like flow-diverter stents. Our study demonstrates that flow-di-
verter stent placement in the distal artery straightens parent artery
geometry like conventional stents, which has already been theoreti-
cally described in a computational fluid dynamics study.14 The he-
modynamic efficiency of a flow-diverter stent is related to several
parameters, including the porosity and metal coverage of the stent,
but intra-aneurysmal hemodynamic changes are also affected by
the curvature of the parent artery.14-16 When the aneurysm is devel-
oped on the convex wall of a curvature, cells of flow-diverter stents
are more widely opened than when the artery is straightened, with
a higher mesh density and increased flow diversion.17

Ishii et al18 reported that in stent-assisted coiled aneurysms,
angular change induced by stent placement may affect aneu-
rysm recanalization rates during follow-up more than coil pack-
ing density. Also, Funakoshi et al19,20 showed, in a cohort of 255
aneurysms, that distal aneurysms located in the ICA bifurcation,
MCA, or anterior communicating artery develop in parent ves-
sels that are not fixed by osseous structures, have characteristics
such as small diameters and thin vessel walls, and can be more
mobile. Progressive thrombosis is more often observed in these

Table 2: Multivariable analysis of aneurysm occlusion
determinants

Variables
Multivariate Analysis,

aOR (95% CI)
P

Value
Aneurysm neck (mm) 0.57 (0.38–0.87) ,.001
Stent type: chromium cobalt 2.13(1.26–11.93) .020
Parent artery straightening 1.04° (1.01°–1.17°) .036
Initial angle ðaÞ 0.95°(0.91°–1.02° .401
Parent artery straightening �
stent typea

0.99 (0.94–1.02) .055

Note:—aOR indicates adjusted odds ratio.
aInteraction term.

FIG 3. Comparison of vascular geometry modifications in 2 treatments of MCA aneurysms. The second flow-diverter stent deployment appears
to modify the vascular anatomy (E–G) more than the first flow-diverter stent (A–C). Angiogram controls show complete aneurysm occlusion
with the second flow-diverter stent (H) compared with the first-flow diverter (D) stent. A and E, Preoperative angiogram. B and F, Angiogram af-
ter stent placement. C and G, Unsubtracted view after stent deployment. D and H, First angiogram follow-up. a indicates the angle measured
before stent placement; b , the angle measured after stent placement.

90 Janot Jan 2022 www.ajnr.org



distal aneurysms treated by stent-assisted coiling; aggressive
coiling may appear futile in these cases.

Our results suggest that parent artery straightening could be
more important with cobalt chromium flow-diverter stents than
with nitinol flow-diverter stents, probably due to the mechanical
properties of their respective components. Nitinol is an alloy
composed of near-equal parts of nickel and titanium, which
exhibit unique properties: superelasticity and shape memory.
Cobalt chromium is stronger than stainless steel, so a cobalt
chromium stent can have similar strength with thinner
braids.21,22 In the multivariable model, we indeed showed
that cobalt chromium stents were associated with a 2-fold
increase in subsequent aneurysm occlusion, and the interac-
tion term between stent type and parent artery straightening
attained near-significance (P¼ .055), implying that the
degree of parent artery straightening might differ between
both stents, which is substantiated by the analysis of parent
artery straightening determinants. Most important, there are
many other mechanical characteristics that differentiate these
types of stents (such as navigability); therefore, our findings
do not imply that one type of flow diverter stent is superior to
the other. Indeed, our analysis was focused on aneurysms
that are not constrained by osseous structures due to their
distal situation. In these anatomic locations, increased navi-
gability is a highly desirable characteristic of flow-diverter
stents, and we cannot exclude a confounding by indication,
which led to more distal/complex aneurysms being treated
with nitinol stents in our sample.

Of interest, while software is currently being used to simu-
late the behavior of a stent after its deployment to help in
planning treatment and choosing stent size,23 these tools
assume that the vessel is a rigid, not deformable structure.
Our results suggest that this approach might be misleading,
at least for arteries beyond the circle of Willis, and there is
room for incorporating parent artery straightening in this
software to facilitate placement and postdeployment manage-
ment in more complex cases.

Our study has several limitations due to its retrospective na-
ture and the small number of patients included. Also, the angle
measurements were made on 2D angiographic images, and mea-
surement performed on 3D acquisitions might be more precise
and could have shown different results.

CONCLUSIONS
In patients with intracranial aneurysms located beyond the
carotid siphon, flow-diverter stent placement induces parent
artery straightening, a phenomenon found in our sample to
be associated with higher rates of subsequent aneurysmal
occlusion. This feature may be of importance for device-
selection planning in patients scheduled for elective flow-di-
verter stent placement and may need to be considered in
future studies investigating the efficacy of flow-diverter stents
to better comprehend the healing process of aneurysms.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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